Female rats show a distinct attraction for males. This attraction remains consistent without the necessity for the physical presence of the male. However, the identity of the olfactory cues contributing to attraction in rats remains unknown. Rat urine contains copious amounts of major urinary proteins (MUPs). Here, we investigated the hypothesis that MUPs mediate sexual attractiveness in rats. We first demonstrated that a member of a male dyad receiving greater copulatory opportunities in competitive mate choice tests excrete greater amounts of MUPs. Furthermore, the amount of male MUPs positively correlated with both copulatory opportunities received and female exploration of the urine. Using females and a two-choice olfactory attraction test, we demonstrated that urinary fractions containing MUPs were sufficient to induce attraction and that male MUPs activated neurons in the posterodorsal medial amygdala in female rats. Taken together, these results suggest that olfactory cues associated with MUPs act as an attractant to female rats in estrus.
INTRODUCTION
Rats (Rattus norvergicus) are a promiscuous species. Studies investigating mating systems in rats often focus on male mating strategies [1, 2] , which include a number of tactics to maximize reproductive success (e.g., sperm competition, mate defense, and aggression). However, mate choice exerted by females remains comparatively unstudied. Several recent reports show that female rats exhibit definitive and consistent mate choice [3, 4] . In the presence of multiple males, female rats prefer one of the males in the group, spending more time with the chosen male, visiting him more frequently, displaying greater frequency of proceptive behaviors, receiving greater sexual stimulation, and returning to the preferred male more quickly after receiving sexual stimulation [5] [6] [7] . Moreover, the preference of female rats for a particular male in a dyad remains consistent when tested repeatedly [7] . Similarly, female rats exhibit remarkable concordance in mate choice when a male dyad is presented to a series of different females. These results suggest that female rats are attracted to specific attributes of particular male rats [7] rather than exhibiting random choice.
The characteristics that underlie male attractiveness in rats, however, remain unidentified. Previous studies have ruled out some possible male traits. For example, female rats do not consistently prefer males that weigh more, have larger testes, or exhibit higher levels of urinary testosterone [5] [6] [7] . Moreover, female rats exhibit a strong and consistent choice while using male odors alone as a guide, indicating that olfactory signals are sufficient to evoke the preference. For example, an area already vacated by a high-testosterone male retains its attractiveness [8] . Similarly, soiled bedding from male rats is sufficient to induce female choice [9] .
Both male and female rats deposit copious urine marks, which contain a range of volatile and nonvolatile compounds [10] . These urine marks are employed to communicate sex, hormonal status, and health status to conspecifics [11] . Rat urine contains a large amount of major urinary proteins (MUPs) [12] . These b-barrel proteins bind volatile olfactory ligands in urine, slowing degradation and facilitating delivery to the recipient olfactory system. In addition to this assistive role in pheromonal communication, research in mice (Mus musculus) suggests that MUPs can act as pheromones themselves, independent of bound ligands [13] [14] [15] , mediating kin recognition, aggression, and sexual attraction in this species.
Both rat and mice genomes contain multiple genes for MUPs [12] , and both have evolved in parallel after diverging from their last common ancestor [16, 17] . The present study was designed to determine if male rat MUPs are sufficient to signal attractiveness during female mate choice.
MATERIALS AND METHODS

Subjects
Experiments employed Wistar and Long-Evans rats. Wistar rats (age, 48 days; housing, two per cage) were obtained from the vivarium of National University of Singapore. Long-Evans rats (age, 60 days; housing, two males or three females per cage) were obtained from Harlan Sprague Dawley. All of the Wistar rats and the female Long-Evans were sexually inexperienced at the start of the study. All of the male Long-Evans rats were screened twice for copulatory behavior before the start of the study. The male Long-Evans rats were profiled genetically using DNA microsatellite markers (GenScreen; Harlan Laboratories) and pair-housed upon arrival such that the males in each pair had distinct genetic profiles to facilitate later paternity identification of offspring [5] .
Food and water were available ad libitum. Temperature and humidity in the rat colony rooms were monitored, and the lights were maintained on a 12L:12D photoperiod. Several aspects of the experiment with Long-Evans rats have been published previously (e.g., behavioral measures, reproductive success, body weight, testes weight, and urinary testosterone) [5] . The Institutional Animal Care and Use Committee at Southwestern University and at National University of Singapore approved the use of rats in these studies, and all procedures were conducted in accordance with U.S. National Institutes of Health guidelines.
Urine Collection
Each male rat was acclimated to the chambers used to collect urine for a minimum of three sessions (2 h each) before any urine samples were collected for analysis. Each rectangular chamber (length, 25.5 cm; height, 24 cm; width, 30.5 cm) was made of one removable Plexiglas front wall, three aluminum sidewalls, an aluminum ceiling, and a metal grid floor (1.3 cm between bars) with a removable Plexiglas tray underneath. The chambers were cleaned after each session with an ethanol solution. All urine samples were collected during a 4-wk period. The samples were collected using a plastic pipette and kept on dry ice until they could be stored at À808C.
Quantification of MUPs
To adjust for overall urine dilution, urine creatinine levels were measured according to the manufacturer's protocol (creatinine EIA kit #937-001; Assays Design). Samples were then diluted with water to the lowest creatinine value. Protein was extracted from these diluted samples using a methanol-chloroform mixture. Protein samples (2 ll each) were loaded onto a 12% SDS-PAGE gel in triplicate along with a molecular weight marker (10-260 kDa; Spectra Multicolor Broad Range Protein Ladder; Thermo Scientific). Proteins were transferred to a nitrocellulose membrane and probed using an anti-MUP antibody (1:2000; Santa Cruz Biotechnology) overnight at 48C under agitation. A secondary antibody (anti-goat immunoglobulin [Ig] G coupled with horseradish peroxidase; 1:5000; Santa Cruz Biotechnology) was used to generate a chemiluminescence signal from luminol. Gel images were acquired using LAS400IR (Fujifilm). Densitometric analysis was performed using ImageJ (version 1.47, a freeware available at http://imagej.nih.gov/ij/; NIH). A pooled sample was run with each gel and used as a standard against which all densitometry readings were normalized.
Determination of Mate Choice in a Competitive Setting
Estrous cyclicity. Thirty-five Long-Evans female rats was used as stimulus animals. Cytology of vaginal lavage was examined once daily by collecting vaginal secretions using a sterile plastic pipette filled with saline (2-3 h before onset of the dark phase in the photoperiod) [18] . Mate choice tests were conducted during the dark phase of the photoperiod.
Acclimation. All rats were acclimated to the mating chambers on two separate occasions for 15 min each before any behavioral testing. Each mating chamber consisted of a Plexiglas arena (length, 101.0 cm; height, 32.0 cm; width, 37.0 cm) divided into three equal compartments using clear Plexiglas dividers. Each divider had a 5.0-cm hole in each of the two bottom corners. Wood shavings covered the floor of each compartment. During the acclimation sessions for male rats, a single male rat was placed in each of the outer compartments and tapped lightly on the nose if he attempted to exit through the holes in the partition. During the acclimation sessions for the female rats, a single female rat was placed alone in the chamber and allowed to move freely between the three compartments.
Mate choice tests. On the afternoon of estrus, female rats were given the opportunity to mate with a pair of male rats simultaneously. Before the start of each mating test, a sexually receptive female rat was placed into the center compartment of the mating chamber and confined with solid opaque dividers. The dividers prevented the female rat from entering either of the two side compartments, each of which held a male rat. After 5 min, the mating test began when both opaque dividers were removed. The mating test was complete when the female received an ejaculation from and returned to each of the two male rats or after 60 min, whichever came first. It is common practice in the study of sexual behavior in female rats to assess the receipt of all sexual stimulation (i.e., mount, intromissions, and ejaculations) and to calculate the latency to return to the male after receipt of an ejaculation (contact-return latency as a measure of paced mating behavior) [19] . At this point, the opaque dividers were replaced, and the test was complete. Time spent within each male rat's compartment was recorded. The method used to determine paternity of offspring born as a result of the mate choice test has been described previously [5] .
Mate preference determination. The preferred mate for each mate choice test was defined as the male that the female spent more time with during the mating test described above. To analyze the magnitude of this preference, preference ratios were calculated for each test as T P /(T P þ T N ), where T P ¼ time near the preferred mate and T N ¼ time near the nonpreferred mate. All preference ratios were greater than 0.60, with a mean preference ratio of 0.75 (SEM, 60.02).
Attractiveness of male pairs. A global measure of attractiveness of males in each dyad was calculated by repeatedly assessing mate preference (as described above) with different stimulus females approximately once per week during a 3-mo period. The dyads were tested in a minimum of five mate choice tests with a different female rat for each test. This aggregate measure of attractiveness (i.e., attractiveness ratio [7] ) was calculated for each male based on the number of tests a male was preferred out of all of the mate choice tests in which each pair participated. Specifically, attractiveness ratio was calculated as N P /(N P þ N N ), where N P ¼ number of tests a male was the preferred mate and N N ¼ number of tests the male was not the preferred mate. One male within each dyad had an attractiveness ratio of greater than 0.60 and was therefore categorized as the ''attractive'' male, whereas one male within each dyad that had an attractiveness ratio of less than 0.40 and was therefore categorized as the ''nonattractive'' male.
Olfactory attraction to urine from attractive males. Lastly, we quantified olfactory attraction for urine obtained from individual male Long-Evans rats used in the mate choice/attractiveness experiment described above. Each individual urine sample was compared against a standardized, unvarying urine sample that was pooled across all rats (50 ll each). Specifically, females were presented with two urine stimuli, one from an individual male and the other a constant, pooled sample derived from all of the males. Only menadionedisplaced high-molecular-weight (HMW) fractions were used. A single cohort of 12 females was used in this experiment. The urine from each male was sequentially tested in four trials, with each trial employing a randomly selected unique female. An average of these four trials was computed and used as an olfactory attraction score for that particular male. A separate experiment revealed an absence of significant carryover effects when the same females were tested repeatedly in a similar approach-approach conflict (12 females tested six successive times; one-way repeated-measures ANOVA; withinsubject:
Determination of Olfactory Attraction in a Noncompetitive Setting
Estrous cyclicity. Female Wistar rats were used in noncompetitive olfactory attraction assays. The number of females used in each cohort is indicated in the figure legends. The stage of the estrous cycle was determined using vaginal lavage once daily (4-5 h before onset of the dark phase in the photoperiod) [18] .
Arena and design. Olfactory attraction was quantified by comparing time spent by estrous females in the two opposing arms of an arena (each arm: length, 46.0 cm; width, 9.0 cm; height, 15.0 cm; separated by a central chamber) containing two contrasting stimuli. Trial duration was 1200 sec, conducted 1-3 h before onset of the dark phase in the photoperiod). Stimuli presentation alternated between the arms for each trial. Fresh stimuli were used for each female subject. The arena was cleaned with 70% ethanol between trials. Exploration of females was video-recorded and analyzed using video tracking software (AnyMaze; Stoelting).
Three varied sets of contrasting stimuli were used during the experiments, as described below.
Olfactory attraction to area recently vacated by a male. First, we quantified time spent by Wistar females in the arm of the maze recently vacated by a Wistar male compared to the time spent in the arm of the maze devoid of urine marks. Males spent 60 min before the trial urine-marking their designated arm of the maze. Males were restricted to one end of the arm during the actual trial, and a perforated plastic sheet separated the male and test female to preclude physical access. Occupancy of the females in each of the arms was quantified. A different stimulus donor animal was used during each trial of the experiment.
Olfactory attraction to fractionated male urine. In a second set of comparisons, we quantified attraction to low-molecular-weight (LMW) and HMW fractions of the Wistar urine. Buffered saline was used as a sham odor. Rat urine (4 ml) was placed in Amicon centrifugal devices (Millipore) with a 3 kDa cutoff and centrifuged at 3500 3 g for 10 min. This yielded about 2 ml of both the filtrate (LMW) and the retentate (HMW). Displacement of bound volatiles from the HMW fraction was achieved by adding 10 ll of menadione (dissolved in absolute ethanol, 4 mg/ml; Sigma-Aldrich) to every 500 ll of the HMW fraction. The solution was incubated in an open Eppendorf tube for 30 min at room temperature with slight shaking. The different aliquots were pooled and then centrifuged at 3500 3 g for 5 min. Absence of bound volatiles after treatment was confirmed by direct analysis with real-time mass spectrometry (DART-MS). Occupancy of the females in each of the arms containing either stimulus (LMW or HMW fractions; five spots of 10 ll each,
Olfactory attraction to chromatographically purified MUPs. In a third set of comparisons, male urine was further fractionated using fast protein liquid chromatography (FPLC). FPLC-gel filtration was carried out using a Superdex 75 column (GE Healthcare) that had been calibrated with molecular mass standards. Urine samples were lyophilized, suspended in PBS (0.5 ml), and dialyzed against PBS overnight. Samples were then further concentrated using Amicon centrifugal devices with a molecular weight cutoff of 10 kDa (Millipore). The concentrated protein solutions were rapidly run through a Superdex 75 10/300 GL column (length, 300 mm; inner diameter, 10 mm; bed volume, 25 ml) on an AKTA FPLC system (GE Healthcare). The column was equilibrated and eluted with 50 mM PBS at a flow rate of 0.5 ml/min. Fractions (2 ml) were collected and further concentrated. The FPLC-purified fraction was suspended in urine obtained from a castrated male (166 lg of MUPs suspended in 100 ll of urine, equi-concentration to physiological range in the male urine, placed at the terminal part of the arm on a cotton gauge). Occupancy of the females in each of the arms containing either stimulus (FPLC-purified fraction suspended in urine from a castrated male or 100 ll of urine from a castrated male) was quantified.
Quantification of Fos Immunoreactivity in the Posterodorsal Medial Amygdala and MUPs
Estrous Wistar females were presented with either the FPLC-purified fraction suspended in urine from castrated Wistar males (166 lg in 100 ll, comparable to the physiological range) or urine from castrated Wistar males alone (100 ll) placed on a cotton gauge. Females remained undisturbed in their home cage during the exposure. Twenty minutes after the onset of exposure, the cotton gauge bearing the stimulus was removed. All females were euthanized 80 min after the start of the exposure. Animals were deeply anaesthetized under gaseous isoflurane and transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M PBS. The brains were removed from the skull and postfixed in 4% PFA overnight. Blocks containing the posterodorsal medial amygdala, part of the vomeronasal amygdala involved in pheromonal communication [20, 21] , were cut on a cryostat into coronal sections (sections thickness, 40 lm). Sections were incubated in 1% H 2 O 2 for 15 min and then incubated for 90 h at 48C with a Fos primary antibody (1:2000; SC52 Rabbit Polyclonal; Santa Cruz Biotechnology) diluted in PBS (0.1 M PBS with 0.2% Triton-X and 0.1% bovine serum albumin). Sections were then incubated for 1 h in a secondary antibody solution (1:400; biotinylated anti-rabbit IgG; Vector Laboratories), followed by incubation for 1 h in Vectastain Elite ABC Reagent (1:25; PK6101 Rabbit; Vectastain Elite ABC Kit; Vector Laboratories). Next, sections were incubated for 6 min in a diaminobenzidine solution (SK-4100; DAB Substrate Kit; Vector Laboratories). Sections were mounted, cover-slipped, and then washed in 0.1 M PBS for 30 min between each of these steps, which was done under agitation. The number of Fos-immunoreactive (Fos-ir) cells in the region of interest was counted at 2003 magnification. Only darkly labeled, ovalshaped nuclei were counted as Fos positive. The same coronal level was employed for all animals (bregma À3.0). Fos-ir cells were cumulatively counted within three circular regions of interest (diameter, 100 lm) placed within posterodorsal medial amygdala. The experimenter was blind to experimental treatments during the counting.
Data Analysis
Parametric statistics were used to assess experimental differences (ANOVA and two-tailed t-tests). Correlation coefficients were calculated using Pearson correlation. The total number of subjects for each experiment is listed in the figure legends.
RESULTS
Determination of Mate Choice in a Competitive Setting
Attractiveness ratios and mate choice. To determine if MUPs contribute to female mate choice in the Long-Evans strain of rats, we compared levels of MUPs in attractive males to levels of MUPs in nonattractive males. We first needed to establish a global measure of attractiveness of each male in each pair. Therefore, dyads (n ¼ 11) were tested in multiple competitive mate choice tests (minimum of five tests per dyad; number of tests, 6.31 6 0.71; range, 5-10), with a different female stimulus rat for each test. Based on repeatedly determining the preferred mate, an attractiveness ratio [7] was calculated for each male based on the number of tests a male was preferred out of all of the mate choice tests in which each pair participated. Specifically, attractiveness ratio ¼ N P / (N P þ N N ), where N P ¼ number of tests a male was the preferred mate and N N ¼ number of tests the male was not the preferred mate. The mean attractiveness ratio for the attractive males was 0.73 (SEM, 60.04), which was significantly greater than what would be expected by chance (jt 10 j ¼ 5.30, P ¼ 0.01, one-sample t-test compared to 0.50). In other words, the attractive males in each pair were preferred during 73.4% 6 4.4% of the mate choice tests. On the other hand, the nonattractive male in each pair was preferred during 26.6% 6 4.4% of the mate choice tests.
Amount of MUPs in attractive versus nonattractive males. Using the categorization of ''attractive'' and ''nonattractive'' compiled from mate choice tests, we first investigated if males deemed to be more attractive excreted larger amounts of MUPs in urine. Amounts of MUPs in creatinine-adjusted urine samples were determined using Western blot analysis. Urine from attractive males contained greater amounts of MUPs (jt 10 j ¼ 3.02, P ¼ 0.013, paired t-test) (Fig. 1A) . On average, urine from the attractive partner of a male dyad contained double the amount of MUPs compared to the nonattractive partner (Fig. 1A) . The 25th percentile of MUP quantity in the attractive male rats surpassed the 75th percentile of respective nonattractive partners (Fig. 1A) . The concentration of the creatinine itself was not significantly different between the groups (jt 10 j ¼ 0.12, P ¼ 0.90, paired t-test; statistical power ¼ 0.051).
We next analyzed male dyads in terms of number of pups sired during the first mate choice test. In agreement with previously observed incongruence between attractiveness and pups sired, males with fewer pups did not excreted higher amounts of MUPs (jt 10 j ¼ 1.90, P ¼ 0.086) (Fig. 1B) . Correlation between MUPs and number of pups sired, urinary testosterone, or testes weight (based on data previously described [5] ) was not statistically significant (jSpearman correlation coefficientj , 0.38, n ¼ 19, P . 0.08; data not shown).
Correlation of MUPs with attractiveness. A significant positive correlation was observed between urinary MUPs and the attractiveness ratio of each male rat (Pearson correlation coefficient ¼ 0.43, n ¼ 19, P ¼ 0.048) ( Fig. 2A) , suggesting male rats that had higher urinary MUPs were more attractive to females.
Olfactory attraction to urine from attractive males. To further investigate male attractiveness independent of dyad membership, we quantified preference of females for urine of each individual male compared to a standard, unvarying urine source (pool of all males). Only the menadione-displaced HMW fraction of male urine containing MUPs was used during this experiment. Time spent by females near test urine samples in this assay significantly correlated with urinary MUPs (Fig. 2B) (Pearson correlation coefficient ¼ 0.62, P ¼ 0.004).
Determination of Olfactory Attraction in a Noncompetitive Setting
To further investigate the role of MUPs in female choice, a number of olfactory attraction tests were conducted to identify the components of male urine that are critical for olfactory attraction.
Olfactory attraction to area recently vacated by a male. Female Wistar rats exhibited significant attraction to an area recently vacated by a Wistar male (arm urine-marked by male URINARY PHEROMONES ARE ATTRACTIVE IN RATS for 60 min) (Fig. 3A) . For each second spent in the arm devoid of urine marks, receptive females spent more than 2.5 sec in the arm with male urine marks (trial duration, 1200 sec; paired ttest: jt 11 j ¼ 4.81, P ¼ 0.001).
Olfactory attraction to fractionated male urine. Urine was treated with menadione to competitively displace volatile ligands bound to the MUPs. We next segregated LMW (,3 kDa) and HMW (.3 kDa, mainly proteins) fractions of the male urine. A two-way ANOVA revealed significant interaction between arm occupancy (urine or sham) and fraction used as the stimulus (F 1,25 ¼ 29.66, P , 0.0001). Females in estrus did not exhibit significant preference for the LMW fraction when compared with sham extraction alone (post-hoc paired ttest: jt 10 j ¼ 1.96, P ¼ 0.08) (Fig. 3B) . In contrast, females in estrus spent more time in the arm containing the HMW fraction of urine compared to the sham extraction alone (post-hoc paired t-test: jt 15 j ¼ 7.61, P , 0.001) (Fig. 3C) . DART-MS did not reveal any additional peaks in the menadione-displaced HMW fraction compared to the sham extraction of buffered saline, indicating that the displaced HMW fraction did not contain detectable volatiles.
Olfactory attraction to chromatographically purified MUPs. We further fractionated the HMW sample using sizeexclusion FPLC. The dominant part of the chromatograph contained MUPs, as ascertained by Western blot analysis. DART-MS did not reveal any additional peaks in the FPLCpurified MUP fraction compared to the sham extraction of buffered saline, indicating that the displaced HMW fraction did not contain detectable volatiles.
We next tested female olfactory attraction for the FPLCpurified fraction containing MUPs (Fig. 4A ). Purified MUPs (1.66 lg/ll) were suspended in 100 ll of castrated male urine and compared to castrated male urine alone. The amount of protein used in this comparison was similar to the physiological range of MUPs in adult male rats. Females spent more time in the arm containing purified MUPs compared to the arm containing castrated urine alone (jt 11 j ¼ 3.24, P ¼ 0.008) (Fig.  4A ).
MUPs and Fos Immunoreactivity in the Posterodorsal Medial Amygdala
Having ascertained that FPLC-purified MUPs were sufficient to signal attractiveness of males to estrous females, we set out to determine if this urinary fraction was able to recruit neurons in the posterodorsal medial amygdala of females, as would be expected from a sexual olfactory signal. We specifically focused on the posterodorsal medial amygdala because of its purported role in rodent sexual behaviors. Left and right hemispheres were analyzed separately. Expression of immediate early gene c-Fos was used as an indirect measure of recent neuronal activation. ANOVA revealed significant main effect of the stimuli (castrated urine with MUPs or castrated urine alone; F 1,10 ¼ 5.08, P ¼ 0.048). The main effect of the hemispheres or the interaction did not reach statistical significance (F1,10 , 1, P . 0.3). Females exposed to MUPs exhibited significantly more Fos-ir cells in the posterodorsal medial amygdala (120% increase based on marginal means) (Fig. 4B) . Marginal means of left and right hemisphere were comparable (,2% difference; statistical power ¼ 0.05).
DISCUSSION
Rats extensively use olfaction to communicate with conspecifics. For example, both male and female rats place urine marks on each other [10] . This tendency varies according to the stage of the estrous cycle in females and testosterone levels in males, suggesting a reproductive context for this marking [10] . Male rats can discriminate between odors of two individual males, between odors of ovariectomized and intact females, and between odors of females in different ovulatory stages [22] . Similarly, untreated rats avoid soiled bedding of rats treated with bacterial lipopolysaccharides (LPS) or proinflammatory cytokine interleukin 1beta (IL1b) [23] . Moreover, intracerebral infusion of LPS or IL1b is sufficient to induce olfactory aversion in untreated animals, suggesting that endogenous urinary odor rather than leakage of injected extraneous factors plays a role in the communication [23] . Female rats are also able to discriminate between males with high and low testosterone levels, preferentially countermarking males with higher testosterone based on olfactory information alone [8] . In addition, prior studies have suggested the existence of pheromones in rats related to alarm communication to conspecific [24] [25] [26] , dominance [27] , maternal recognition [28] , and parasitic infection [29] . The studies described above provide evidence of olfactory communication between rats, though the chemical identity of the pheromones remains to be elucidated.
In this context, our observations show that MUPs of male rats are sufficient to evoke olfactory attraction in the females. This conclusion is supported by the observations that a fraction containing MUPs and devoid of bound volatiles is sufficient to produce olfactory attraction. Furthermore, male MUPs activate neurons in the posterodorsal medial amygdala of female rats, an area of the brain known to be sexually dimorphic and involved in pheromonal communication and sexual behavior in the rodent [20, 21] . This observation should be viewed as an addition to the role of volatile substances present in the urine. Many urinary volatiles show sexual dimorphism and are sensitive to testosterone [30, 31] . For example, addition of urinary volatiles to castrated male urine also enhances attractiveness of urine, though it does not completely restore sexual attraction to the level of urine from intact males [30] . Thus, urinary volatiles likely retain a role in sexual pheromonal communication. Therefore, MUPs, even in the absence of volatiles, have a sufficient, but not exclusive, capacity to evoke sexual attraction.
In addition, our results suggest that male MUPs might serve as a sexual signal mediating mate choice in competitive settings, as evidenced by the positive correlation between MUPs and attractiveness ratios. Female rats exhibit robust and consistent mate choice [5] [6] [7] . Furthermore, the amount of time spent with purified MUPs positively correlated with the amount of MUPs present in urine samples during an olfactory attraction test. These findings support the notion that the correlation between MUPs and attractiveness ratios is based on a direct relationship. To our knowledge, the current study is the first to report a physiological characteristic that distinguishes attractive male rats from males that are less likely to be preferred by females. Many models of sexual selection posit that male sexual cues are an ''honest'' proxy of their genetic quality [32] . This honesty arises because resources used for sexual signaling produce a handicap in survival or viability of the individual [33] . Sexual signals are expensive to produce and/or maintain, thus allowing only fit males to engage in sexual display. In the case of MUPs, a part of this cost could come in the form of their androgen dependency in rats [34, 35] . Estrous females exhibited statistically significant attraction to urine marks placed by a male (A; n ¼ 12 females). Abscissa and ordinate of the scatterplot (left) depict time spent near male urine and in opposing area of the arena without any stimulus (in sec; trial duration, 1200 sec). Black dots depict data obtained from individual females. Gray diagonal line depicts chance (abscissa ¼ ordinate). Bars depict the mean 6 SEM (right). The attraction could not be recapitulated by LMW fraction (,10 kDa) of the male urine (B; n ¼ 11 females) when compared to sham extraction. In contrast, the attraction could be recapitulated by HMW (.10 kDa) male urinary fraction (C; n ¼ 16 females) when compared to sham. **P 0.001, paired t-test.
URINARY PHEROMONES ARE ATTRACTIVE IN RATS
Testosterone has been proposed to mediate a handicap in sexual signaling because it is required for sexual signaling in many cases and, at the same time, imparts costs in terms of metabolism, immunosuppression, and conflict with other lifehistory choices [36, 37] . In agreement with this, castrated males have lower levels of urinary proteins [30] than intact males, and prepubescent males have lower levels of MUPs than mature males [38] .
It is noteworthy that in our experiments, MUPs were not predictive of the number of pups sired in a competitive setting. This is consistent with previous observations that behavioral mate choice did not correspond to reproductive success per se [5] . One possible explanation for this discrepancy may involve cryptic sperm competition after ejaculation. Such sperm competition could take the form of variation in the quantity of sperm produced [39] , the storage capacity of sperm [40] , the ability of sperm to defend against sperm from competing males [40] , and the ability to transfer sperm effectively (i.e., by the correct placement of copulatory plug or vitality of sperm) [41] . Future research is needed to untangle the possible relationship between sperm competition and MUPs.
The sustained domestication of laboratory rat strains used in the current study might have important implications for the interpretation of our results. Laboratory strains have been selected for a behavioral repertoire of tameness and ease of breeding. Moreover, these strains are maintained using mating between closely related individuals. Collection and inbreeding are expected to have a blunting effect on both vigor and phenotypic variety of MUP expression. These effects are wellknown to occur in mice [42, 43] . This limitation is somewhat mitigated, however, by ease of using molecular tools to manipulate MUPs in laboratory strains for future research-for example, the use of viral vectors to enhance MUP synthesis in vivo.
In conclusion, we provide evidence that genetically coded MUPs serve as sexual pheromones in rats by initiating olfactory attraction. Furthermore, these proteins also predict mate preference and attractiveness in a competitive setting involving female choice. Thus, these proteins may serve as sexually selected signals of mate choice in rats.
